Abstract: Dynamic bandgap control in all-solid chalcogenide-tellurite photonic bandgap fiber (PBGF) by the refractive index changes due to the optical Kerr effect is numerically simulated in this paper. The core and the cladding with low index are designed by the tellurite glass TeO 2 ÀZnOÀLi 2 OÀBi 2 O 3 , whereas the high-index rods are designed by the chalcogenide glass GeGaSbS. Because all-solid chalcogenide-tellurite PBGF has higher nonlinear refractive index than the conventional silica PBGF, when the high peak power transmits in this fiber, the refractive index will change due to the optical Kerr effect, and so will the bandgap.
Introduction
In recent years, high speed and broadband communications have been demanded because of the rapid development of the Internet. Conventional step-index optical fibers that have a core and a cladding are used not only in optical communications but also in a wide variety of fields. However, the transmission property of the conventional fibers has reached the theoretical limit, and the transmission capacity is almost saturated. To overcome these limits, a great attention has been attached to multi-core fibers and photonic bandgap fibers (PBGFs) [1] - [4] . In particular, all-solid PBGFs have numerous applications, such as dispersion compensation components, nonlinear optical devices [5] , [6] , tunable bandpass filters [7] , intracavity wavelength selective elements to eliminate amplified spontaneous emission (ASE) [8] , [9] , etc. All-solid PBGFs are composed of a low index core and the periodic arrangement of high index rods embedded in a low index cladding. Light is confined in the low index core due to the existence of the photonic bandgap (PBG) in the cladding. The guiding regime can also be described analytically by use of the antiresonant reflecting optical waveguide (ARROW) model [10] - [12] . According to this model, the optical properties of allsolid MOFs are governed largely by the thickness and the refractive-index contrast of the first highindex layer rather than by the periodic arrangement of the alternating layers [13] . The propagation wavelength region of all-solid PBGFs corresponds to PBG wavelength region, and light can propagate effectively in the limited wavelength region where PBG exists.
A variety of soft glass, such as tellurite and chalcogenide glasses, possess highly nonlinear refractive indices and practically wide transmission ranges in the mid-IR [14] - [18] . And the soft-glass fibers are very significant in various applications, such as laser amplifiers, nonlinear effect and optical telecommunications, etc. [19] - [21] . All-solid PBGFs made of a combination of pure and Ge-doped silica have been well studied during the last decade [22] , [23] . However, there are only a few studies of all-solid PBGFs which are made of tellurite or chalcogenide glasses. Recently, all-solid tellurite PBGFs have aroused a lot of interest because of their new chapter in nonlinear optics and their potential applications [4] , [24] . The optical Kerr effect (OKE) is one of the third-order nonlinear phenomena and it has already been applied to control the phase shift and the dispersion in the optical fiber [25] - [28] . Due to the highly nonlinear refractive indices of the soft-glass fibers, OKE is very obvious. Based on this, PBG of all-solid PBGFs can also be dynamically optical controlled.
In this paper, dynamic optical control of bandgap in all-solid chalcogenide-tellurite PBGF (CT-PBGF) by refractive index changes due to OKE is numerically simulated. The core and the cladding with the low index are designed by the TeO2-ZnO-Li2O-Bi2O3 (TZLB) glass, while the highindex rods are designed by the GeGaSbS (GGSS) glass. Due to the high nonlinear refractive indices of TZLB and GGSS, OKE is very obvious during the high peak power transmission in all-solid CT-PBGF. Bandgap and the propagation wavelength regions can be controlled dynamically, and this PBGF can offer various propagation wavelength regions and will be utilized to various applications.
Structure of All-Solid CT-PBGF
During the fabrication of all-solid CT-PBGF, it is important to carefully choose the soft glass, which should have similar thermal and compatible properties to avoid cracking at the interface or disruptions of the core along the fiber axis. Tellurite glass TeO2-ZnO-Li2O-Bi2O3 (TZLB) was used for the core and the low index cladding, and chalcogenide glass GeGaSbS (GGSS) with high nonlinearity was used for the high index rods. These two glasses have the same thermal expansion coefficient (TEC), which has been proved by our group [29] . The measured softening and drawing temperatures of two glasses are 298 C and 327 C, respectively. The microstructured optical fiber (MOF) has already been successfully produced by our group, which confirms that these two glasses can match well during the fabrication process [29] . The structure with three layers shown in Fig. 1(a) was designed, where D ¼ 1:647 m is the diameter of GGSS rods, and Ã is the pitch D=Ã ¼ 0:8. The refractive indices of GGSS glass ðn h Þ and TZLB glass ðn l Þ are 2.240 and 2.005, respectively. According to the ARROW model, PBG properties are determined by the refractive index contrast and the thickness of the first high index layer rather than the periodic arrangement and core diameter [11] . So the structure with only one layer of GGSS rods in the cladding can be fabricated, as shown in Fig. 1(b) . PBG properties of these two structures are the same.
The refractive index n which changes by the light intensity is given by
where n 0 is the linear refractive index, n 2 is the nonlinear refractive index, and I in is the input light intensity. Nonlinearity of an optical fiber is characterized by the nonlinear coefficient which is given by
where k 0 is the wavenumber in vacuum, 0 is the wavelength in vacuum and A eff is the effective mode area. Larger is preferred to enhance the nonlinear effects. When the high peak power launches into all-solid CT-PBGF, the refractive indices of GGSS and TZLB glasses will be changed by OKE from Eq. (1). PBG and propagation properties of the fiber can be controlled by the light intensity. It is expected that PBG properties can be drastically changed by using the control light and high nonlinear refractive index materials, such as tellurite or chalcogenide glasses.
Numerical Simulation
Simulation of PBG properties of all-solid CT-PBGFs with three layers and one layer has been performed by the plane wave expansion method (PWM) [30] , as shown in Fig. 2 . We can see that PBG properties of two structures (Fig. 1) are the same. The red line is the core-line and can be expressed by n eff ¼ 2:005. Both fiber structures have two main PBGs (1st PBG and 2nd PBG) and the light of wavelength 1.55 m is confined in the core by the 2nd PBG. For three layers all-solid CT-PGBF shown in Fig. 1(a) , as the light 1.55 m is within the 2nd PBG, most of the light will be confined in the TZLB core. Some light will extend to the rods, and due to the coupling effect among the modes in the rods, very weak light will be found in the cladding. This feature has already been reported [16] , [31] . The optical mode field is calculated by the full vector finite element method, as shown in Fig. 3(a) . We can see that most of the power is confined in the core. For the light outside PBG, such as 2.10 m, it will be confined in the GGSS rods in the cladding, as shown in Fig. 3(b) . Due to the coupling effect among the modes in the rods, the light will be lost during the transmission in the CT-PBGF.
If the femtosecond laser at 1.55 m is used as the pump light, the peak power of several kW level can be easily obtained. The nonlinear refractive index of TZLB core n 2 ¼ 2:45 Â 10 À18 W/m 2 is almost 2 orders magnitude larger than that of a conventional single-mode fiber. So when the high peak power beam transmits in the core by PBG effect, the refractive index of TZLB core changes due to OKE which is very obvious. OKE can be calculated by Eq. (1). Thus bandgap properties of all-solid CT-PBGF can be controlled by the light intensity in TZLB core. Under this condition, a small part of light intensity, which can be neglected, is confined in the inner six GGSS rods. So only OKE in the core are considered and the feasibility of dynamic optical control of the 2nd PBG due to OKE was simulated, as shown in Fig. 4 . It can be seen that the 2nd PBG shifts to short wavelengths clearly for more than 10 kW and with the peak power increasing it further shifts to shorter wavelengths. This is because due to OKE, the refractive index of TZLB core increases with the peak power increasing. On the other hand, when the pump light is outside PBG, such as ¼ 2:10 m, it will be lost in the cladding due to the coupling effect, as shown Fig. 3(b) . For this case, OKE is very weak and PBG properties of all-solid CT-PBGF will not change by the light intensity.
For one layer all-solid CT-PBGF shown in Fig. 1(b) , the optical mode fields at ¼ 1:55 m and ¼ 2:10 m were calculated, as shown in Fig. 5 . We can see that when the light is within PBG ð ¼ 1:55 mÞ, most of the light is confined in the core and PBG properties controlled by OKE is the same as Fig. 4 . However, when the light is outside PBG ð ¼ 2:10 mÞ, it transmits in the six GGSS rods and is not lost in the cladding. This is because there is no coupling effect between the layers shown in Fig. 3(b) , and all-solid CT-PBGF can be considered as a six-core fiber. Fig. 5(b) shows the fundamental in-phase supermode and there are other five high-order supermodes. Only the former is considered and for one layer all-solid CT-PBGF, the refractive index of GGSS rods will change due to OKE. We further simulated the feasibility of dynamic control of the 2nd PBG in one layer allsolid CT-PBGF, as shown in Fig. 6 , where the nonlinear refractive index of GGSS n 2 ¼ 1:8 Â 10 À17 m 2 =W was used to calculate Eq. (1) [28] . It can be seen that the 2nd PBG shifts to long wavelengths clearly for more than 1 kW. For the pump power of more than 4 kW, the wavelength 1.55 m is out of PBG region and the light cannot propagate in the core. For the pump power of 10 kW, the 2nd PBG shift is about 265 nm. On the other hand, the width of the 2nd PBG is almost independent of the intensity of the control light. The same trend occurred in other PBGs. According to the above results, it is confirmed that PBG of all-solid CT-PBGF can be controlled dynamically by the light intensity.
Summary
Dynamic optical control of bandgap properties in all-solid CT-PBGF by refractive index changes due to OKE is numerically analyzed. When the light is within PBG and confined in TZLB core, PBG will shift to short wavelengths due to OKE with the pump power increasing. When the light is outside PBG, for one layer all-solid CT-PBGF, it is confined in the six GGSS rods and PBG will shift to long wavelengths due to OKE with the pump power increasing. However, for all-solid CT-PBGF with several layers, light will be lost in the cladding and OKE is very weak. Therefore, bandgap and the propagation wavelength regions in all-solid CT-PBGF will be controlled dynamically, thus one fiber would offer various propagation wavelength regions and can be utilized to various applications.
